The human brain undergoes both significant structural and functional changes across the 10 lifespan. It is important to understand the underlying causal relationship of the emerging dy-11 namical changes in functional connectivity with age. On average, functional connectivity 12 within resting-state networks weakens in magnitude while connections between resting-state 13 networks tend to increase with age. Further, few recent studies show that effective connectivity 14 within and between large scale resting-state functional networks changes over the healthy 15 lifespan. Motivated by these findings we move one step forward to investigate the effect of the 16 thalamus in the context of healthy aging. Using directed connectivity and weighted net causal 17 outflow measures on resting-state fMRI data, we examine the age-related changes in both cor-18 tical and thalamocortical causal interactions within and between resting-state networks. The 19 three of core neurocognitive networks DMN, SN, CEN networks are identified independently 20 by carrying out ICA as well as spatially matching of hub regions with the important RSNs 21 previously reported in the literature. Thereafter, multivariate GCA was performed to test for 22 23 are two major findings, firstly, we observe that within network causal connections become 24 progressively weaker with age, however, between network causal connections are getting 25 stronger with age among core neurocognitive networks, primarily a reflection of within and 26 between network resting-state functional connectivity. Secondly, significant modifications 27 were found in causal connections and net causal outflows in the presence of thalamus. Finally, 28
work. If there are joint dependencies between , , and if we calculate unconditional 157 granger causality between X and Y, spurious causalities may occur due to common dependency 158 on Z. Thus, to eliminate the possibility of spurious causalities between two time series 159
Multivariate Granger Causality analysis (GCA) was performed to assess the causal influence 160 between nodes of SN, CEN and DMN based on the methods described in ( (Barrett, Barnett, & 161 Seth, 2010)). In MVGC spurious causalities are eliminated by conditioning out the common 162 dependencies. According to MVGC approach, if we wish to test the causality from 163 164 Y to X, we have to consider the full and reduced regressions of the following form 165 Walker equations, the autocovariance sequences was calculated. For granger causal estimation, 9 value was calculated using (4). Significance was tested using F-test. Since multiple causalities 195 were tested simultaneously, FDR correction was used to adjust for multiple hypotheses. 196 197 
Network Analysis

198
We further calculated the weighted net granger causal flow to characterise the causal networks 199 in young and elderly groups. To calculate the weighted net granger causal flow, we selected 200 the significant causal outflow connections between the nodes. Weighted out-degree of a node 201 is defined by sum of the strength (granger causal indexes) of significant causal connections 202 from a node in a network to any other node. Likewise weighted in-degree of a node is sum of 203 the strength of causal inflow connections to a node in the network from any other node. 204
Weighted net causal flow was defined as weighted (Out-In) degree. For example, weighted net 205 granger causal outflow of node X, say ∆ can be expressed using the following formula: 206 Though F values are positive, weighted net granger causal values can be positive as well as 209 negative also. Positive ∆ for a particular node implies, higher causal influence of that node on 210 the other nodes of that network, furthermore negative ∆ signifies, that particular node is caus-211 ally influenced by other nodes of the network. 212
To compare the net flow of different nodes between young and old age groups we generated 213 100 bootstrap samples of granger causality index matrices via nonparametric sampling. 214
For the purpose of comparison, we constructed the distribution of weighted net causal outflow 215 based on the significant causal connections (p<0.05, FDR corrected for multiple comparisons). 216
The distribution of weighted net causal outflow was calculated for different nodes within and 217 between network and Wilcoxon signed rank tests were performed to test the significant differ-218 ences in the net causal outflows for different age group. To investigate the effect of thalamus in shaping within and between network causality, we 278 included thalamus as an additional node in our analysis. For each of the three resting state 279 networks, for within network analysis, we included the right and the left thalami, as the seventh 280 and the eighth nodes. Since the mechanism of the MVGC changes with the number of nodes, 281 the causal strengths were not directly comparable between two networks having different num-282 ber of nodes. In other words, it is not meaningful to quantify the difference between causal 283 strengths of the same RSN networks before and after the inclusion of the thalami. Instead of 284 that, we focused our analysis to find out the changes in the pattern of causal connections and 285 net causal outflows. 286 287
Central Executive Network
288
In elderly group all the connections except, rRMFG to lSPL remained significant (p < 0.05, 289 false discovery rate (FDR) corrected FDR corrected). The connections from the rrMFG to the 290 lSPL was mediated by the lThal. Some significant causal connections were emerging from both 291 the thalami, from the lthal to the lRMFG, the rRMFG, the lSPL, the rSPL, from the rthal to the 292 lRMFG, the rSPL, and the lSPL for the elderly groups (figure 5A). For young groups, all the 293 connections without thalamus also found significant after inclusion of the thalamus (figure). 294
Additionally, the left thalamus causally influenced the lRMFG, the lCMFG, and the rRMFG 295 
Default Mode Network
313
After inclusion of the thalamus in default mode network, there were restructuring in the causal 314 connectivity pattern found in the elderly individuals. On performing multivariate granger 315 causal analysis on DMN after addition of thalami, some of the earlier significant causal con-316 nections disappeared while some thalamo-cortical causal connections emerged as important 317 connections for both the age groups (figure 5C, 5F). Causal connection from rIPL to rMOF 318 continued to be the strongest connection in elderly group as found in the previous section with-319 out thalamus (figure 5C). Other than that, GCA revealed significant causal connections from 320 the rMOF to the rPCC, from the rThal to the lIPl, from the lIPL to the rThal, from the rThal to 321 the lMOF for the elderly people (figure 5C). After the introduction of thalami, some of the 322 connections between the left hemispheric nodes disappeared in elderly. For the young group, 323 the effect of the inclusion of thalamus was more pronounced compared to the elderly individ-324 uals (figure 5F). Instead of the connection from the lMOF to the lPCC, the connection from 325 the lThal to the lPCC emerged as the strongest one after the inclusion of the thalami (though 326 the lMFC to the lPCC connection also remained significant). In addition to that, other signifi-327 cant connections were from the lMOF to the lIPL, from the lThal to the lMOF, from the lThal 328 to rThal, from the lThal to the rPCC, from the rThal to the lMFC, from the rThal to the rMFC, 329 from the rMFC to the rPCC, and from the rMFC to the rIPC (figure 5F) suggesting substantial 330 effect of thalamus in reorganizing within network causality in cortical networks and also re-331 vealing the effect is the strongest in the younger group compared to elderly. This could be 332 related to the thalamic decline with aging. 333 334 Net granger causal outflows were significantly changed after inclusion of the thalamus for the 335 young individuals. Left thalamus emerged as a causal outflow hub for young group. Patterns 336 in the net causal outflows were unchanged in elderly group ( figure 6C) . rIPL continued to be 337 causal outflow hub for elderly group, even after inclusion of thalamus. Causal outflows were 338 significantly different in both groups (p<0.01). 339 340
Reorganization of between network causality with age
For between network analysis, we employed principal component analysis, to combine the time 342 series from each of the resting state networks. We took first principal component of the all 343 nodal time series of a network, as one node consisting of the all information of that particular 344 resting state network and performed multivariate granger causality analysis among three nodes. 345
In between network analysis, salience network exhibited prominent causal influence on both 346 default mode network and central executive network in both groups ( figure 7A and 7B) . 347
Causal strengths were significantly higher in old groups compared to young (p<0.01). Other 348 directed connectivity between these three nodes were also significant, with presence of higher 349 causal strength in old compared to young suggesting an increase in between network causality 350 with aging. 351
Next we estimated the weighted net granger causal outflow in between network nodes. Among 352 the three RSNs, the SN was causal outflow hub in the between network analysis. Causal out-353 flows were significantly different in young and elderly groups (p< 0.01) ( figure 8A) . Next we investigated between network causality in presence of the thalamus for both groups. 363
Causal connections from the thalamus to all three network nodes, namely the DMN, the SN, 364 and the CEN in both age groups were found significant (p< 0.05, false discovery rate (FDR) 365 corrected). Thalamus was also causally driven by CEN and SN for both elderly and young Weighted net causal outflows were significantly affected after inclusion of thalamus. Now thal-368 amus acts as a causal outflow hub for elderly group. SN received highest causal outflow for 369 young group ( figure 8B) . Unlike the within network results, in between network analysis 370 causal outflows were greater in the elderly group. Among other three networks, the SN had 371 positive outflow and the DMN had negative outflow for both the groups. After inclusion of 372 thalamus, outflows in the CEN changed its direction in old cohorts. 373
Overall, thalamus had not changed the causal connectivity pattern between three resting state 374 networks. After inclusion of thalamus, the causality dynamics between three resting state net-375 works remained unaltered. However, thalamus received causal influences from SN and CEN, 376 also influenced resting state networks. Considering the net causal outflows, causal outflows for 377 the elderly group was affected with inclusion of the thalamus. The effect of thalamus was dis-378 similar in between network analysis compared to within network analysis. Effect was higher 379 in elderly group. 380 381
Replication Analysis
383
We identified a group of 50 young and 50 elderly participants from the publicly available Cam-384 bridge Aging Neuroscience dataset (https://camcan-archive.mrc-cbu.cam.ac.uk//dataaccess/) 385 in the age range of 18-80 years who did not differ in mean age, gender distribution, or IQ from 386 Berlin dataset. Using this new dataset for independent verification, we conducted identical 387 functional and effective connectivity analyses as in the original dataset and also analysed those 388 measures by varying parcellation and node numbers in each of the three-core neurocognitive 389 resting state networks of interest. 390
In the replication analysis using the Harvard Oxford atlas, frontoparietal network areas were 391 chosen as the nodes for CEN. These included bilateral FP, LPFC, IFG, SFG and MFG. In between network analysis, salience network emerged to have the highest causal strength, 414 exhibiting prominent causal influence on DMN and CEN in both young and old cohort. Net 415 causal outflows were significantly different for both age group. 416
Discussion
418
In the recent past, several studies have endeavoured to unravel the changes in the brain's struc-419 tural and functional connectivity with aging and their cognitive implications. A vast majority 420 of these studies have used temporal correlation across different brain regions as measure of 421 functional connectivity to characterize ageing related changes in brain's large-scale functional 422 connectivity patterns. In the present study, we employ multi variate granger causality analysis 423 to probe within-and between-network causal relationships among three key intrinsic resting 424 state brain networks with the hope to facilitate more biologically meaningful interpretations 425 with healthy aging. Every cortical region receives feedforward projections from the thalamus 426 and in turn sends outputs to one or multiple thalamic nuclei (Obeso et with these observations, we find SN to exert strong causal influence on both DMN and CEN 477 in both the age groups. In between network analysis, SN is found to act as a causal outflow hub 478 among three RSNs we investigated. Interestingly, the causal influence of SN on both DMN 479 and CEN increases with aging. An increase in the between network causality in elderly group 480 emerges as a general trend in our analysis, and the above finding may reflect this general trend. influence in reorganizing resting state networks with aging and none has employed the causal 492 analysis. In our analysis with effective connectivity measures thalamus emerges as an im-493 portant node to critically influence both within-and between-network connectivity patterns 494 among RSNs. After inclusion of thalamus in the between network analysis, thalamus acts as a 495 causal outflow hub and causally drives all three network nodes for both the age groups. In 496 contrast, in within network analysis, the influence of thalamus in reorganizing within network 497 causality is much more prominent in younger age group compared to the elderly. In DMN, Left 498 thalamus comes out as a causal outflow hub for young group while patterns in the net causal 499 outflows were unchanged in elderly group compared to the without thalamus analysis. After 500 inclusion of thalamus in CEN within network analysis, though left thalamus acts as a causal 501 outflow hub for both the groups, the causal outflow values are higher in young compared to 502 elderly group. This preferential influence of thalamus on younger individual is consistent with 503 the thalamic decline with aging as discussed above. Also, among three resting state networks, 504 the SN remains least affected after inclusion of thalamus, both in within-and between-network network connectivity is preserved or increased in SN with aging. Our result suggests that this 511 preservation of connectivity within SN may be driven by thalamus. 512
We have performed our replication analysis, with different cohort and different brain parcella-513 tion atlas. Even though, different nodes were used for three RSN, some of the major findings 514 with the earlier dataset were replicated. In within network analysis, greater number of causal 515 connections with higher strengths in younger group compared to old individuals are consistent 516 with our findings with Berlin data set. Effect of thalamus is also revealed by higher number of 517 causal connections from thalamus to other nodes in younger group compared to old individuals. 518
519
We acknowledge several limitations of our study that should be addressed by the future studies. 520
The result should be replicated in a larger lifespan cohort comprise of middle young and middle 521 elderly groups to get additional insights and true estimate of lifespan trend in causal outflow in 522 resting state networks. Future research should also investigate the sensitivity of the analysis to 523 the choice of different brain parcellation schemes. 524 525 Finally, thalamus is a heterogenous structure composed of several nuclei; each of which sends 526 distinct afferent inputs to cortical regions as well as driven by cortical outputs (add reference). 527
Thus, probing the influence of different nuclei of thalamus on reorganization of within-and 528 between-network causality of different RSNs would help to better describe the complex neu-529 rophysiological processes taking place in the brain with aging. In general, the analysis could 530 be extended to other subcortical regions to understand how cortical-subcortical connectivity 531 impact the cognitive ability across age. 532
533
In conclusion, the results of the present study demonstrate that effective connectivity analysis 534 can provide crucial insights regarding within-and between-network information flow across 535 lifespan over and above insights provided by functional connectivity measures. This study also 536 establishes thalamus as a common driver of organization and reorganization of RSNs with ag-537
ing, a conclusion that should encourage future research to explore the influences exerted by 538 subcortical structures on cortical networks and their clinical implications. 
